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†Department of Mechanical Engineering and ‡Department of Biomedical Engineering, University of Michigan, Ann Arbor, MichiganABSTRACT The mechanical stimulation of the outer hair cell hair bundle (HB) is a key step in nonlinear cochlear amplification.
We show how two-tone suppression (TTS), a hallmark of cochlear nonlinearity, can be used as an indirect measure of HB stim-
ulation. Using two different nonlinear computational models of the cochlea, we investigate the effect of altering the mechanical
load applied by the tectorial membrane (TM) on the outer hair cell HB. In the first model (TM-A model), the TM is attached to the
spiral limbus (as in wild-type animals); in the second model (TM-D model), the TM is detached from the spiral limbus (mimicking
the cochlea of OtoaEGFP/EGFP mutant mice). As in recent experiments, model simulations demonstrate that the absence of
the TM attachment does not preclude cochlear amplification. However, detaching the TM alters the mechanical load applied
by the TM on the HB at low frequencies and therefore affects TTS by low-frequency suppressors. For low-frequency suppres-
sors, the suppression threshold obtained with the TM-A model corresponds to a constant suppressor displacement on the
basilar membrane (as in experiments with wild-type animals), whereas it corresponds to a constant suppressor velocity with
the TM-D model. The predictions with the TM-D model could be tested by measuring TTS on the basilar membrane of the
OtoaEGFP/EGFP mice to improve our understanding of the fundamental workings of the cochlea.INTRODUCTIONThe mammalian cochlea is a nonlinear sound-processing
system that has a large dynamic range as well as high sensi-
tivity and sharp tuning in response to low-level signals (1).
These characteristics, essential for normal hearing, are due
to the presence of an active mechanism called the cochlear
amplifier that is linked to outer hair cell (OHC) activity (2).
In response to sounds, the basilar membrane (BM) vibrates
due to the intracochlear fluid pressure. The hair bundle (HB)
of the OHC (see Fig. 1 B) is deflected by the relative motion
between the reticular lamina (RL) and the tectorial mem-
brane (TM) (3). This deflection opens mechanoelectrical
transduction (MET) channels (4) and depolarizes the main
body of the OHC. Due to the depolarization, the OHC de-
velops voltage-dependent forces (5) that are hypothesized
to amplify the response of the BM to low-level sounds (2).
The fluid motion in the gap between the reticular lamina
and the TM caused by the vibrations of the organ of Corti
is sensed by the freestanding HB of the inner hair cells
(IHCs). Because of the tuned and spatially graded electro-
mechanical properties, each location along the cochlear spi-
ral responds best in a narrow band of frequencies centered
around the characteristic frequency (CF) for that location.
Although the nonlinear responses of the cochlea to sounds
are well-known hallmarks of healthy hearing, the role of
the different components of the cochlea in nonlinear
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0006-3495/14/03/1398/8 $2.00to the BMmeasurements, the vibrations of the RL have been
recently measured due to the development of new experi-
mental techniques (6). However, directly measuring the
OHC HB deflection in vivo is still an unsolved challenge.
Because of the critical role of OHC HBs in cochlear ampli-
fication, strategies that allow the evaluation of the deflection
of the OHC HB are still needed to improve our understand-
ing of cochlear mechanics.
The TM is directly connected to the HB of the OHC (see
Fig. 1 B). Because of this connection, it has been hypothe-
sized that the TM plays an essential role in hearing
(reviewed in Lukashkin et al. (7)). Zwislocki (8–10) pro-
posed that the TM is a resonant mass with a resonant fre-
quency set by its mass, as well as by the stiffness of the
OHCHB and the TM attachment to the spiral limbus. A reso-
nant motion of the TM has been observed by Gummer et al.
(11). Measurements in mutant mice with a TM detached
from the organ of Corti suggest that the mechanical load
applied by the TM on the OHC HB is critical for cochlear
amplification (12). Moreover, experimental (13–15) and
theoretical (16) works have shown that the longitudinal
viscoelasticity of the TMmight play an important role in fre-
quency tuning in the cochlea. It has also been proposed that
the TM resonance underlies the observations of a notch in
neural tuning curves (10) and neural-suppression tuning
curves (17). Recent measurements of the BM response to
sounds and of auditory nerve masking tuning curves (18)
in the cochlea of EGFP knock-in, otoancorin knock-out
(OtoaEGFP/EGFP) mice have shown that although the attach-
ment of the TM to the spiral limbus is not critical for cochlear
amplification, it plays a critical role in IHC stimulation.
Suppression is a salient cochlear nonlinearity with
mechanical (19), neural (20), and psychoacoustic correlateshttp://dx.doi.org/10.1016/j.bpj.2014.01.034
FIGURE 2 Cross sections of the two micromechanical models of the
organ of Corti analyzed in this study. In each model, there are three struc-
tural degrees of freedom at each cross section: one for the BM ðubmÞ and
two for the TM (in the shearing direction, utms, and the bending direction,
utmb). (A) TM-A model. The TM is attached to the SL by a linear spring
in the shearing direction ðKtmsÞ and a rotational spring in the bending direc-
tion ðKtmbÞ. (B) TM-D model. The TM is detached from the SL, as in the
OtoaEGFP/EGFP mutant mice (18), by setting Ktms ¼ Ktmb ¼ 0. To see this
figure in color, go online.
FIGURE 1 (A) Schematic of the box model of the cochlea, with the two
main fluid-filled ducts separated by the BM. (B) Schematic of a cross section
of the organ of Corti. The TM is attached to the spiral limbus (SL) and to the
HBs of the OHCs. (C) Spatial plot of TTS, for fp ¼ 17 kHz and fs ¼ 13 kHz.
x represents the distance from the base of the cochlea. Close to the probe BP
(vertical dash-dotted line), the suppressor reduces the response of the BM at
the probe frequency. To see this figure in color, go online.
Effect of the TM Attachment on TTS 1399(21). One way to controllably study suppression is through a
protocol known as two-tone suppression (TTS). In TTS, a
primary or probe tone stimulating the cochlea at a frequency
fp interacts with a second or suppressor tone of frequency fs.
When fp is close to the CF of the measurement location, the
response of the cochlea at the probe frequency is reduced by
the presence of the suppressor (see Fig. 1 C). TTS has been
observed in OHC and IHC receptor potentials (22,23) and
on the BM (19,23–27). Computational models have demon-
strated that TTS can arise from the saturation of the cochlear
amplifier (28–31). Because TTS is intimately linked to
OHC activity and MET channel nonlinearity (32), it pro-
vides insight into the fundamental workings of the cochlea.
In particular, we demonstrate in this article that extensive
recordings of TTS over a broad range of frequencies
are indirect measures of the magnitude and phase of the
OHC HB deflection relative to the BM deformation. Using
our previously developed nonlinear computational model
of the cochlea (33), we show that altering the mechanical
load applied by the TM on the HB by detaching the
TM from the spiral limbus (such as in the OtoaEGFP/EGFPmutant mice) significantly affects the HB deflection and
TTS on the BM. These theoretical predictions could
be tested by measuring TTS in OtoaEGFP/EGFP mutant
mice to further improve our understanding of cochlear
mechanics.MATERIALS AND METHODS
The computational framework used for this theoretical study has been
described previously (33) and is summarized in the Supporting Material.
The model couples nonlinear MET channels with OHC somatic electromo-
tility. As in our previous model (33), the only nonlinear term in the model is
due to the MET channel. The MET conductance is assumed to be a
Boltzmann function of the HB rotation relative to the RL, qhb:
GaðqhbÞ ¼ G
max
a
1þ exp

 Lhbqhb  X0
DX
; (1)
where Gmaxa is the saturating conductance of the MET channel, Lhb is the
length of the HB and DX and X0 are constants (see our previous work(33)). The OHC soma is modeled by linearized piezoelectric relationships
(see our previous work (33) and the Supporting Material).
To investigate the effect of the TM attachment to the spiral limbus, we
simulate the response of the cochlea to a pure tone and a two-tone stimulus
using two computational models, 1), the TM-attached (TM-A) model (see
Fig. 2 A), which is the cochlear model with the TM attached to the spiralBiophysical Journal 106(6) 1398–1405
1400 Meaud and Groshlimbus; and 2), the TM-detached (TM-D) model (see Fig. 2 B), which is the
cochlear model with a detached TM.
The TM-A model corresponds to the cochlea of a wild-type animal,
whereas the TM-D model mimics the effect of the Otoa genetic mutation
(18). In bothmodels, the TMdeforms in the shearing and bending directions.
The shearing and bending mass, Mtms and Mtmb, as well as the damping
coefficients of the two TM modes, ctmb and ctms, are assumed to be the
same in the TM-D model as in the TM-A model. In the TM-D model, the
electromechanical coupling coefficient of the OHC soma, designated as ε3
(a parameter that controls the activity of the model; see the Supporting
Material), is set to 79% of the value used in the TM-A model to predict the
same gain on the BM in response to high-frequency, low-intensity sounds.RESULTS
Both models predict a realistic response of the
BM to a pure tone
We present the frequency response of the BM at the 17 kHz
best place (BP) in Fig. 3, A and B, for the TM-A and TM-D
models, respectively. Note that the 17 kHz BP of the TM-D
model is shifted by ~300 mm toward the base compared to
the BP of the TM-A model for the same CF (vertical dashed
line). At the same location, the difference between the CF
values is ~1.3 kHz, or 8%. At the 17 kHz BP for each model,
the responses obtained with the two models are similar. The
tuning is slightly sharper with the TM-A model than with
the TM-D model (with a quality factor, Q10dB, of 5.7 with
the TM-A model and 5.3 with the TM-D model for a
20 dB sound pressure level (SPL) pure tone).The frequency dependence of the HB deflection
depends on the attachment of the TM to the spiral
limbus
Because the MET conductance is a nonlinear function of the
HB rotation relative to the RL, qhb (see Eq. 1), the magni-
tude and phase of qhb at the suppressor and probe fre-
quencies influence the characteristics of TTS. The HB
deflection was computed at the 17 kHz BP with the TM-AFIGURE 3 Both the TM-A and TM-D models predict a realistic BM
displacement in response to a single tone at a basal location. The normal-
ized BM displacement, in dB, is plotted as function of frequency for stim-
ulus amplitudes of 20–100 dB SPL, at the 17 kHz BP of the TM-A model
(A) and the TM-D model (B). CF is indicated by the vertical dashed line. To
see this figure in color, go online.
Biophysical Journal 106(6) 1398–1405and TM-D models at 0 dB SPL. The ratio of the magnitude
of the HB displacement (uhb ¼ Lhbqhb, where Lhb is the
length of the HB) to the magnitude of the BM displacement
is plotted as a function of frequency in Fig. 4 A. For the
TM-A model, this ratio is approximately independent of
frequency below 8 kHz and exhibits a notch at ~10.5 kHz.
This frequency corresponds approximately to the resonant
frequency of the uncoupled TM shear mass, given by
ftms ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Ktms=Mtms
p
, where Ktms is the stiffness of the attach-
ment of the TM to the spiral limbus andMtms is the TM shear
mass (see the Supporting Material). In the TM-D model, the
ratio decreases at a rate of ~6 dB per octave below 8 kHz and
no notch is apparent. As fs is reduced, the phase of the HB
deflection relative to the BM displacement approaches
0 in the TM-A model, whereas it approaches 90 in the
TM-D model (Fig. 4 B). Hence, at low frequencies, the
HB deflection is proportional to the BM displacement in
the TM-A model, whereas it is proportional to the BM
velocity in the TM-D model.Only the TM-A model predicts TTS by
low-frequency suppressors
The frequency dependence of TTS is analyzed in Fig. 5,
where the frequency of the suppressor is varied from 0.5
to 25 kHz and the frequency of the probe is fixed at
17 kHz. Both models replicate some of the experimental ob-
servations regarding the frequency dependence of TTS (27).
At low levels of the suppressor, suppression occurs only for
frequencies close to 17 kHz. At higher suppressor inten-
sities, suppression is seen over a broader range of fre-
quencies. In the case of high side suppressors (i.e., fs>fp),
suppression extends up to about half an octave above
the probe frequency. In the case of low side suppressorsFIGURE 4 Magnitude (A) and phase (B) of the HB deflection, uhb, rela-
tive to the BM displacement ubm, as a function of the frequency, F, at the
17 kHz BP. The CF, 17 kHz, is indicated by a vertical dashed line; the reso-
nant frequency of the uncoupled TM in shear ðftmsÞ in the TM-A model is
indicated by a vertical dash-dotted line. At low frequencies, the HB deflec-
tion is proportional to the BM displacement in the TM-A model and to the
HB velocity in the TM-D model. To see this figure in color, go online.
FIGURE 6 Suppression and single-tone thresholds. (A and B) Suppres-
sion tuning curve and single-tone tuning curve for TM-A and TM-D
models, respectively. The SPL of the suppressor required to suppress the
response of the BM to the probe tone by 1 dB is plotted as a function of
frequency for a 10 dB and 60 dB SPL probe tone. The suppression thresh-
olds are compared to single-tone isoresponse functions (dashed lines) (in A,
the SPL required to evoke a 1.5 nm and a 4 nm displacement on the BM, and
in B, the SPL required to evoke a 100 nm/s and a 250 nm/s velocity of the
BM). (C and D) Magnitude of the BM displacement at the suppressor fre-
quency that corresponds to a 1 dB suppression of the probe is plotted at the
probe BP as a function of fs for the TM-A and TM-D models, respectively.
At low frequencies, this suppressor displacement is independent of fs for the
TM-A model and increases as fs is decreased (with a rate of ~6 dB/dB) with
the TM-D model. The vertical dashed line corresponds to the CF, and the
vertical dash-dotted line corresponds to ftms. To see this figure in color,
go online.
FIGURE 5 Dependence of TTS on the frequency of the suppressor, fs.
(A) TM-A model. (B) TM-D model. For both models, the results are plotted
at the 17 kHz BP. The frequency of the probe tone, fp, is 17 kHz (vertical
dashed line). The probe level is fixed at 30 dB SPL. The suppression in
the BM displacement is plotted as a function of fs. The TM attachment
does not affect TTS significantly for fs>12 kHz. However, it has an effect
on TTS by low-frequency suppressors. In particular, suppression by sup-
pressors <1 kHz requires a stiff attachment. The vertical dash-dotted line
corresponds to ftms. In A, there is a notch around ftms in the curves for
Ls ¼ 70 and 80 dB. This notch is not seen in B. To see this figure in color,
go online.
Effect of the TM Attachment on TTS 1401(i.e., fs<fp), suppression is seen over a broader range of sup-
pressor frequencies.
Despite some common features, there are some dramatic
differences between the predictions of the two models for
low-frequency suppressors (i.e., fs  fp). A low-frequency
suppressor (such as fs ¼ 0.5 kHz) decreases the response
of the BM to the probe tone with the TM-A model (as
observed in experiments (25–27)), whereas the TM-D
model does not make such a prediction. Moreover, in the
case of the TM-A model, the TTS frequency response
curves exhibit two regions of approximately constant slope
for moderate suppressor intensities (70 and 80 dB SPL),
separated by a notch for fszftms; no notch is predicted by
the TM-D model.The TM attachment affects the suppression
threshold at low frequencies
The level of the suppressor required to suppress by 1 dB the
BM response to a probe tone of fixed input frequency and
SPL (i.e., a suppression threshold) is plotted as a function
of fs in Fig. 6, A and B, for the TM-A and TM-D models,
respectively. For each model, there is a sharp minimum in
the suppression threshold slightly above the CF. These sharp
minima are 20 dB SPL with the TM-A model and 16 dB
SPL with the TM-D model. Similar minima are seen in ex-
periments with wild-type animals (25,27).
Below 8 kHz, the suppression threshold obtained with the
TM-A model matches the single tone 1.5 nm isodisplace-
ment response function for a 10 dB SPL probe tone andthe 4 nm isodisplacement response function for a 60 dB
SPL probe tone. These simulations are similar to measure-
ments in wild-type animals (27). In contrast, the TM-D
model predicts a very different trend where the suppression
threshold matches the single-tone 100 nm/s isovelocity
response function for a 10 dB SPL probe tone and the
250 nm/s isovelocity response function for a 60 dB SPL
probe tone.
In Fig. 6, A and B, the SPL required to reduce the BM
displacement at the probe frequency by a constant amount
was presented. In Fig. 6, C and D, the corresponding BM
displacement is shown for the suppressor frequency ðfsÞ
under conditions identical to those in Fig. 6, A and B. Pre-
dictions with the TM-A and TM-D model differ signifi-
cantly. Below 8 kHz, this displacement at the threshold
of suppression is approximately independent of frequency
in the TM-A model, whereas it increases at a rate of
~6 dB/oct as fs is decreased in the case of the TM-D model.Biophysical Journal 106(6) 1398–1405
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In both models, the suppressor displacement at the suppres-
sion threshold decreases sharply as fs is increased above
the CF.Only the TM-A model predicts phasic
suppression
Experiments have shown that low-frequency suppressors
ðfs  fpÞ not only cause tonic suppression (reduction in
the average response to the probe tone) but also affect the
response to the probe in a manner that varies with the phase
of the suppressor signal, modulating the response at the
probe frequency (25–27) (this is called phasic suppression).
Phasic suppression was not observed with the TM-D model
due to the low HB displacement for low-frequency suppres-
sors (Fig. 4 A, dashed line). To simulate phasic suppression
with the TM-A model, the response was computed not only
at the probe and suppressor frequencies but also at combina-
tion frequencies, fp þ nsfs, where ns is a signed integer. The
temporal pattern of TTS is shown in Fig. 7 for a 1 kHz
suppressor and probe frequency of 17 kHz, the CF of this
location. For the three different suppressor intensities, the
response to the probe is suppressed slightly after the peak
of the suppressor displacement toward the scala tympani.
At 80 dB SPL and 90 dB SPL, a secondary maximum of
suppression is seen, approximately in phase with the peakFIGURE 7 Temporal pattern of TTS for a 1 kHz suppressor and a 17 kHz
probe with the TM-A model. The probe intensity is 40 dB SPL and the sup-
pressor intensity is varied between 70 dB and 90 dB SPL. The probe wave-
form includes the probe component ðfpÞ, as well as distortion components
fp  2fs, fp  fs, fp þ fs, and fp þ 2fs. The suppressor has been scaled to fit
on the figures. A positive value corresponds to a displacement of the BM
toward the scala vestibuli. To see this figure in color, go online.
Biophysical Journal 106(6) 1398–1405of the suppressor displacement toward the scala vestibuli.
At 70 dB and 80 dB SPL, the response to the probe is
slightly enhanced at the time corresponding approximately
to a zero suppressor displacement and a negative suppressor
velocity. This phasic amplification is commonly seen in
experimental data (see, e.g., Cooper (25)).DISCUSSION
Comparison of model simulations to experimental data
regarding TTS enables us to improve our understanding of
how the cochlea processes sounds. Both the TM-A and
the TM-D models predict higher rates of suppression and
a higher suppression threshold for low side suppressors
than for high side suppressors (see Fig. S3 in the Supporting
Material), as is the case for physiological measurements.
However, the TM-A model is more consistent with experi-
mental measurements regarding TTS by low-frequency sup-
pressors in wild-type animals. These results inform us about
the mechanical load applied by the TM on the OHC HB at
low frequencies and the magnitude and phase of the OHC
HB deflection relative to the BM displacement. Even though
the detached TM did not affect the BM CF and had a small
effect on the BM response to a pure tone, simulations of
TTS show that the TM attachment stiffness is important
and nonnegligible. These predictions could be tested by
measuring TTS on the OtoaEGFP=EGFP mutant mice. The
TM-induced loads on the OHC HBs are central to the active
process that occurs in the cochlea; modeling TTS provides a
tool for indirectly uncovering the underlying mechanics.Effect of a TM resonance on TTS
Model simulations demonstrate that interesting features can
be observed when the suppressor frequency, fs, is approxi-
mately equal to the resonant frequency of the uncoupled
TM in shear, ftms. The TM-A model predicts the presence
of notches in the suppression curve as a function of the sup-
pressor frequency (Fig. 5 A), in the suppression tuning curve
and suppressor displacement at the TTS threshold (Fig. 6, A
and C) for fszftms. Model parameters (listed in the Support-
ing Material) were chosen to set ftms and the notch frequency
to approximately half an octave below the CF. This choice
of model parameters is motivated by the observation of a
notch half an octave below the CF in high-frequency neural
suppression tuning curves (34,35) that has been attributed,
as in our model, to the resonance of the TM in shear
(7,10,13,36). The presence of a notch in the BM TTS mea-
surements could be validated experimentally in wild-type
animals. However, a notch has not been reported in the mea-
surements of Cooper (25) and Rhode (27), who investigated
the dependence of TTS on fs. The frequency sweep used by
Cooper (25) is not fine enough to distinguish the features
described here. The fact that no notch has been reported
in the BM measurements from Rhode (27) (except for
Effect of the TM Attachment on TTS 1403notches due to middle ear resonances) for the midfrequency
region of the chinchilla cochlea might be due to the higher
damping at these locations (since the HB deflection is very
sensitive to the value of the damping coefficient of the shear
mode, ctms, for fzftms).The TM attachment to the spiral limbus is not
necessary for normal cochlear amplification
Normal cochlear amplification (with a gain and CF
similar to those in wild-type mice) was observed in
OtoaEGFP=EGFP mutant mice (18). As in the experiments,
our model demonstrates that the absence of the TM attach-
ment does not preclude cochlear amplification. The reason
for the similar pure-tone response is that the mechanical
load applied by the TM on the HB is mostly inertial at the
CF (because ftms is lower than the CF), as discussed in
Gummer et al. (11). However, there are some minor differ-
ences in the predictions with the TM-A and TM-D models.
At the same location on the BM, the CF is slightly lower
(~8%) without the attachment springs. Potential changes
in the modes of deformation of the TM, not taken into
account here, might also affect the CF. The tuning of the
response was observed to be almost identical in the mutant
and wild-type mice (18), whereas the quality factor, Q10dB,
is ~5% lower in the TM-D model than in the TM-A model.
Moreover, to maintain the stability of the model, we reduced
the activity of the TM-D model (by reducing the piezoelec-
tric electromechanical coupling coefficient of the OHC, ε3).
This lower value of ε3 could be due to a mechanism that
controls the operating point of somatic electromotility to
maintain stability in the biological cochlea. Despite the
presence of normal cochlear amplification, Lukashkin
et al. (18) demonstrated that the key role of the attachment
of the TM to the spiral limbus is in IHC stimulation, since
thresholds of the compound action potentials are higher in
the OtoaEGFP=EGFP mutant mice than in the wild-type
mice. Although this observation is beyond the scope of
this study, the effect of the TM attachment to the spiral
limbus on IHC stimulation could be investigated by
coupling the computational framework used here to models
of the fluid dynamics of the subtectorial space (such as those
of Steele and Puria (37) and Li et al. (38)) for the wild-type
and mutant animals.The mechanical load applied by the TM on the
OHC HB at low frequencies depends on the TM
attachment to the spiral limbus
An important finding of this study is that although the pres-
ence of the TM attachment is not required for cochlear
amplification and does not play a significant role in setting
the value of CF, other characteristics of cochlear nonline-
arity, such as TTS, are very sensitive to the mechanical prop-
erties of the TM attachment. We found that the relativevalues of the attachment stiffness ðKtmsÞ and the HB stiff-
ness ðKhbÞ control TTS by low-frequency suppressors. The
simulations with the TM-A model demonstrate that the ratio
Ktms=3Khb should be ~1 to predict TTS by low-frequency
suppressors ðfs=CF<0:25Þ. If this condition is satisfied, the
suppression threshold corresponds to a constant displace-
ment of the suppressor component of the BM response at
the probe BP, because the TM applies an elastic load on
the OHC HB below ftms. The theoretical prediction that the
threshold is dependent on the suppressor displacement is
in excellent agreement with the measurements of Geisler
and Nuttall at the same location in the guinea pig cochlea
(26), of Cooper (25) in the hook region of the guinea pig
cochlea, and of Rhode (27) in the mid-turn of the chinchilla
cochlea. The only exception is the study from Ruggero et al.
(19), where the suppression threshold was found to corre-
spond to a constant velocity. However, Cooper (25) has
pointed out potential errors in the data presented in the
Ruggero et al. study (19).
The predictions of the TM-D model could be tested
experimentally on the OtoaEGFP=EGFP mutant mice. Without
the attachment springs, low-frequency suppressors are much
less effective. In the TM-D model, the threshold of suppres-
sion corresponds to a constant velocity of the suppressor
response at the probe BP for low-frequency suppressors,
because the TM applies a viscous load on the OHC HB.
Although the OtoaEGFP=EGFP mutant mice differ from the
wild-type mice in aspects other than the TM attachment,
such as the fluid mechanics in the subtectorial space, the
effect of the detachment on TTS by low-frequency suppres-
sors is likely to be robust enough to be experimentally
observable.Relation between phasic suppression and the
operating point of the MET channel
A significant TM attachment stiffness is also required to
simulate phasic suppression by low-frequency suppressors.
In the TM-A model, maximum suppression is obtained
approximately in phase with the peak of the suppressor
component of the BM response toward the scala tympani,
as in most experiments (25,26). There is another, secondary
maximum of suppression approximately in phase with the
peak of the suppressor component of the BM toward the
scala vestibuli, which has also been reported in experiments
(25,26). These characteristics are obtained because the TM
response is stiffness-dominated below the uncoupled reso-
nant frequency in shear, ftms, and therefore, the displacement
of the BM toward the scala tympani tends to close the trans-
duction channels (see Eq. S9). Since the resting probability
of the MET channel that we use in the model, Ps0 ¼ 0:4,
is <0.5, a suppressor displacement of the BM that tends
to close the MET channels causes more suppression than
a displacement that tends to open the MET channels (26).
We previously used the same value for Ps0 to predict smallBiophysical Journal 106(6) 1398–1405
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agreement with experimental observations by Cooper and
Rhode (39).Link to low side suppression in the auditory nerve
In model simulations (see Fig. 7) and measurements of low
side suppression in the BM response (19,25,26), the overall
response to the probe and suppressor tones is higher than the
response to the probe alone. However, under these same
conditions, neural data show rate suppression in the neural
fibers (40), a seemingly contradictory result. This difference
between mechanical data and neural data was discussed in
Cheatham (41) and attributed to the chain of events occur-
ring between BM stimulation and auditory nerve excitation.
Cheatham (41) postulated that the low-frequency compo-
nent of the response is less effective in stimulating the
IHC neural response due to a combination of electrical
effects (filtering and differences between AC and DC sensi-
tivity) and fluid mechanical effects (velocity sensitivity of
the IHC HBs). Moreover, the nonlinearity of the IHC trans-
duction channel and the transduction current adaptation (42)
could add another suppressive mechanism. Coupling this
cochlear model to models of the subtectorial space (such
as those of Steele and Puria (37) and Li et al. (38)) of
IHC HB MET and the IHC synapse could help to elucidate
some of the differences between TTS on the BM and that in
the auditory nerve.Effect of HB motility on cochlear amplification
and TTS
In this model, HB activity was not taken into account. Using
a linear model of the cochlea, we previously found that the
effect of HB activity is to reduce the gain of the BM
response to a pure tone due to the effect of adaptation on
the MET channel sensitivity to deflection (43). However,
because the HB passive stiffness is lower here than in our
previous work, this conclusion might be altered and become
more consistent with computational models of the organ of
Corti that have found that somatic electromotility and HB
activity can work in synergy to amplify the BM vibrations
(44–46). Including both HBmotility and somatic electromo-
tility in a full nonlinear model of the cochlea is challenging,
notably due to the need to estimate parameter values at each
location of the cochlear partition. The major conclusions of
this study regarding the effect on TTS of the attachment of
the TM to the spiral limbus are not expected to change if HB
motility is included.SUPPORTING MATERIAL
Four tables, three figures, Supporting Methods, Supporting Definitions, and
references (47–57) are available at http://www.biophysj.org/biophysj/
supplemental/S0006-3495(14)00136-2.Biophysical Journal 106(6) 1398–1405This research was supported by National Institutes of Health grant NIH-
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